We report an experimental observation of slow-light in the GHz microwave regime utilizing the mechanism of the degeneracy of forward and backward waves in a planar waveguide consisting of a dielectric core cladded by single-negative metamaterial. The metamaterial cladding consists of periodic arrays of metallic split-ring resonators, exhibiting an effective negative permeability. Group delay dispersions obtained from pulsed measurements are in complete agreement with theoretical predictions. © 2011 American Institute of Physics. ͓doi:10.1063/1.3583521͔
The ability to dynamically control the flow of optical data is vital for building integrated photonic devices.
1 Specifically, the ability to slow down light pulses in an optical network or even to stop them in order to let other optical signals through, could regulate the traffic at the main interconnect nodes. The idea is the same as enforcing speed limits on heavily congested roads, where reducing the speed on certain routes enables swifter overall flow of traffic. To achieve such conditions, a key component like an optical buffer, which temporarily stores or slows down optical packets, is needed.
2,3
Slow-light can be achieved in several ways, the earliest observation of slow-light was based on inducing electromagnetic induced transparency ͑EIT͒, 4, 5 in a Bose-Einstein condensate. However, this technique has a large footprint and uses ultracold atomic clouds, which is not suitable for monolithic integration on chip. Another approach is based on exploiting the dispersion properties of photonic crystal ͑PhC͒ waveguides. [6] [7] [8] Unlike atomic EIT media, PhC devices can be integrated in all-optical chips on semiconductor platforms.
Recently several proposals have been made for slowlight optical waveguides using the degeneracy of forward and backward waves in metamaterial waveguides. [9] [10] [11] [12] [13] [14] [15] [16] Moreover, a waveguide approach has also been proposed experimentally at optics. 12 Very recently, we showed both theoretically and numerically the design and analysis of a slow-light waveguide made of single-negative permeability materials for applications in the microwave 13 and optical regime. 14 The proposed device ͓see Fig. 1͑a͔͒ consists of a planar waveguide having a dielectric core and a cladding realized with single-negative materials ͑either M Ͻ 0 or M Ͻ 0͒. A very attractive feature of the design is the easy realizability of single-negative metamaterials at microwave and optical frequencies.
We consider a guided wave traveling along the z-direction, according to the coordinate system shown in Fig.  1͑a͒ . For TE modes, the dispersion relation that describes the mode propagation in the waveguide is analytically described as follows: 
͑2͒
Eq. ͑1͒ will give two solutions ͑forward mode and backward mode͒ for a fixed m for certain d. At a critical thickness d c , these two modes will merge into a single mode, which has zero total energy flow and zero group velocity. Further details about the analytical model and the expression for n p and n g can be found in Refs. 13, 14, 17 As an example, in Fig. 1͑b͒ , we show the phase index n p as a function of the normalized thickness d / when, f = 9.04 GHz, D =1, M = 2.5− i0.0001 and M = −0.015 + i0.0015. The choices of these values correspond to a realistic case like the experiments discussed here. 17 For a range of core thicknesses, the waveguide geometry supports degenerate forward and backward modes. Upper and lower solid black lines in ward and backward modes, which propagate in opposite directions, merge into a single mode, enabling light to be trapped.
14 It is worthwhile to highlight that utilizing such architecture, it is possible to control the flow rate of an optical bit stream inside the waveguide channel simply by altering the critical thickness of the waveguide core.
Combining Eq. ͑2͒ and the expressions for and it is possible to define, in the lossless case, a parametric region within which the trapping of light can be observed, see Fig.  2͑a͒ . Diagrams like the one in Fig. 2͑a͒ can be useful when designing a waveguide with slow-light properties.
There exist a number of ways of engineering singlenegative metamaterials with negative permeability. For instance, by using ferromagnetic material made with superconductor compounds, 18 by means of PhCs, 19 or by exploiting the dispersive and resonant properties of elements like split-ring resonators ͑SRRs͒. 20 For simplicity in designing/ tailoring the desired optical properties and for rapid prototyping, we have chosen SRR architecture ͑with Ͻ 0͒ as cladding materials for the microwave spectral range. However this does not restrict the choice only to systems made by arranging highly resonant element like SRRs.
In order to observe appreciable delays it is necessary to design the cladding elements with minimal losses, 14 thus, optimization of the SRR geometry becomes paramount. We have optimized the previous proposed SRR design 13 by altering its geometry and using a different substrate with lower losses in the microwave region. The optimized design, with explicit geometrical labels, is illustrated in the inset of Fig.  2͑c͒ . By utilizing well-established parameter retrieval techniques, 21, 22 the effective parameters of the proposed SRR geometry were retrieved from scattering parameters, obtained from numerical simulations using the commercial electromagnetic solver HFSS. Further details regarding the numerical design can be found in Ref. 17 .
For this experiment, we opted for a waveguide core filled with air. The main advantage of using air is that losses can be considered negligible. A second but non trivial point is that the coupling of the pulsed signal to the metamaterial waveguide core is more efficient enabling better performances.
In Figs. 2͑b͒ and 2͑c͒ are plotted the real and imaginary parts of M and M in the frequency band of interest for our experiment. From these curves we have found that the effective parameters values that meet the condition in Eq. ͑2͒ are located in the frequency range ͑9-9.2͒ GHz. At these frequencies the metamaterial works in a regime far from the resonance condition, and very close to the crossing point where the real part of the permeability changes sign. 17 The prototype was surrounded by microwave absorbers to avoid reflections, and the entire system was sandwiched between two aluminum parallel plates. We have used two identical monopole antennas as transmitter and receiver. The positions of the antennas inside the core ͓see Fig. 3͑a͔͒ were carefully chosen in order to guarantee the best coupling with the metamaterial waveguide. The experimental setup is the same used in Ref. 6 and is shown in Fig. 3͑b͒ . It consists of an HP-70820A microwave transition analyzer ͑MTA͒ connected to an HP-8341B synthesized sweeper ͑SS͒. In this setup, a pulse with duration of 120 ns is generated by the internal modulator of the MTA, the corresponding spectral width of the pulse is 8.3 MHz. The signal generated with a carrier frequency in the microwave region is split by a beam splitter, yielding two identical pulses that travel through lines A and B. Further details regarding the experimental technique can be found in Ref. 17 .
An example of pulse envelopes exiting the two lines is given in the inset of Fig. 3͑b͒ . To reduce the noise, we averaged over 30 measurements.
For frequencies beyond 9.15 GHz, the dependence of n g on d disappears. This can be related to the real part of M switching from negative to positive values, inhibiting the ͑b͒ Schematic of the experimental setup. A PC controls a MTA connected to a SS. Channel A contains the sample, channel B is a coaxial cable used as a reference. The inset shows normalized pulse envelops detected by the MTA; the blue curve refers to the pulse passing through the reference channel A, while the red one is the signal delayed by the metamaterial waveguide.
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condition Im͑ M ͒ Ӷ Re͑ M ͒. 17 No reliable measurements could be done for frequencies lower than 9 GHz because the signal amplitude was extremely weak due to the proximity to the metamaterial band gap.
In Fig. 4͑b͒ , we show a color map of the measured group index as a function of the frequency f and the waveguide core thickness d. These results clearly indicate that the group index can be modulated by varying the core thickness d. To reinforce the conclusion of our observation, we also show in Fig. 4͑c͒ the comparison between the theoretical trend, where we have used a value for Im͑ M ͒ slightly larger than what we have simulated, and the experimental trend at f = 9.04 GHz. This is the frequency at which we have obtained the largest pulse delay corresponding to a measured group index peak of n g = 14.7, achieved at d max = 1.85 cm. The agreement between the experiment and the theory is very good. The theoretical curve is calculated on the basis of the effective parameters, M and M , plotted in Figs. 2͑b͒ and 2͑c͒, valid under normal incidence conditions. Of course, in reality the losses featured by the real structure are expected to be larger, imposing a severe limitation on the achievable maximum n g . The experimental data have the key feature of a peak in n g at a critical thickness.
In this work, we have proved experimentally the ability to slow down the light in the microwave spectral range in a planar waveguide having a dielectric core and cladded by single-negative metamaterial, using the degeneracy of forward and backward waves in this composite structure. Measurements were performed in a parallel plate waveguide and slow-light was observed in the band 9-9.2 GHz. We have demonstrated that maximal group index can be achieved at a critical thickness that is in agreement with theoretical calculations. The experimental results show that metamaterials represent a promising candidate toward the goal of metamaterials based slow-light devices. Clearly, the losses are a limiting factor, as is to be expected. However, recent progress in the field of superconducting metamaterials carried out at microwave frequencies 23 show that the effect of losses can be greatly minimized at lower temperatures.
The present result can be extended to higher frequencies like THz, IR, and VIS where devices can be fabricated using modern nano-lithography techniques. At these wavelengths the impact of devices like this can be even more attractive due to the possibility of compensating for material losses by introducing gain media. 14, 24, 25 Moreover, the design that we have presented here is for an air core waveguide, and it may be possible to mechanically vary the thickness. For other more complicated structures, varying temperature can enable tuning of permittivity and thickness ͑over a limited range͒ in the vicinity of the critical thickness. These approaches are being considered in future designs. 
